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Abstract 

Based on the perturbative QCD counting rules, we fit the invariant mass spectra of D^°p in 
B° — > ppD^° decays measured by BABAR. We find that some peaks in the spectra arise from 
the charmed baryon states denoted by B c through the 2-step processes of B° -> B+(^ D^°p)p. 
In addition to the established states A c (2880) + and A c (2940) + , two of them, namely, B c (2820) + 
and B c (3280) + , may be already revealed by experiments, while the rest, identified as B c (3000) + , 
B c (3100) + , B c (3120) + , B c (3200) + , and B c (3320) + , can be viewed as an indication of new heavy 
charmed baryons. 

PACS numbers: 14.20.Lq, 13.85.Ni, 13.25.Hw, 12.38.Bx 
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Introduction — The charmed baryon spectroscopy is expected to be an ideal place to study 
the dynamics of the light quarks in the environment of a heavy quark. Apart from a charm 
quark, the charmed baryon contains two light quarks as a diquark, which can be either an 
antitriplet or a sextet in the quark model. Due to various combinations of individual spins 
and orbital angular momenta between two light quarks as well as the diquark and charm 



quark, charmed baryons exhibit a rich spectrum of states JlH4j. However, so far only a few 
of charmed baryons have been experimentally identified J 6]. The B factories as well as 
the LHCb are able to play an important role in studying charmed baryons. For example, 
the charmed baryon states of A c (2665)+, A c (2880)+, 7^(2940)+, S c (2800), S c (2980), and 
S c (3080), have been observed by CLEO Q, BELLE and BABAR (q|. In particular, 
the decays of A c (2880) + — > S c (2520) 0,++ 7r +, ~ have been analyzed to assign the quantum 
numbers of A c (2880)+ to be J p = | + Q. 



Recently, the BABAR collaboration has reported that both m pp and m D (*)o„ invariant 



mass distributions in B — > ppD^*> decays exhibit low-mass enhancement in the spectra 



In the m„p spectra, the low-mass peaks near threshold can be recognized as the threshold 



12j. On the one hand, the exclusion for the ranges of m 2 D a p < 9 GeV 2 and Tn 2 D „ 0p < 10.5 



effect 

GeV 2 improves the knowledge of the threshold effect, a generic feature in three-body baryonic 
B — > BB'M decays. On the other hand, the low-mass peaks in the m D ( t) spectra with 



1 PP 



5 > 5 GeV seem puzzling as the data points disagree with what expected from the 



uniform phase-space model. In this letter, we find that, unlike the peaks around the threshold 
area in the m pp spectra, the low- mass peaks in the m n (*) o r s pectra can be understood based 
on the pQCD effect in the creation of the dibaryon 13|, |l4j. We will demonstrate that the 
charmed-baryon resonances decaying into D^°p fit well to these peaking data points in 
B° — > ppD^° decays. It turns out that some of the resonant charmed baryon states are not 
experimentally observed yet, but theoretically studied in the literature 1H4J- 

Formalism — To explain the low-mass enhancement in the m D (*)o p invariant mass distri- 
butions in B° — > ppD^°, the relevant simplified reduced amplitudes are given by fl^ 

G F ■ 



A{B° -> ppD°) 
A(B° -> ppD*°) 



-j=V cb V* d a 2 f D m D u p (f 3 + g 3 l5)vp , 



; 7f 



V ch V* d a 2 m D , f D ,a^*p u u p {f 2 + 92lz)v. 



p ■ 



(1) 



with the Fermi constant Gf, the CKM matrix elements V qiqj , and p = p§o — {p p + Pp)- Here, 
a 2 is a parameter that accommodates the nonfactorizable effects, the decay constants f D (*) 



and the polarization 4- vector e M * come from the matrix elements of (£)| 07^75?/ 10) = —ijoV^ 
and (D*\c , ~f fl u\0) = mo* /d*£ m * ', and the form factors fi and Qi with z=2 and 3 can be traced 
back to the parameterization for the matrix elements of the B — > BB' transitions HQ, 
of which the momentum dependences are given by 

fi = , 9i = , (2) 



with t = rripp and the constants Dj. and D g .. According to pQCD counting rules [la, Il7| . 
the momentum dependence of the form factors ^2,3 and #2,3 is proportional to 1/t 3 as three 
hard gluons are needed to produce BB'. Since the 1/t 3 function peaks at the low mass and 

n 

flattens out at the large energy region, the threshold effect in the m p p spectra [14J can be 
easily accommodated. Nonetheless, as we shall see, the amplitudes in Eq. ([1]) have no other 
short- distance contributions to explain the low-mass peaking points in the m D {*)o p spectra. 
Inspired by the observations of A c (2880) + and A c (2940) + — > D°p [9|, we shall examine 
the B° — > ppD^*'° decays via the resonant B° — > B c (— > D ( -*^°p)p channels to explain the 
m D (»)o p invariant mass spectra, where B c represents the possible charmed baryon states. 
Accordingly, the resonant amplitudes read 

A n (B° ppDW) = ^V cb V: d u p n(a + b l5 )v p , (3) 



where the factor 71 is defined by 



n = i±m , (4) 

q 2 — m? + imV ' 



with q = p p + p£,(*)o and m (r) the mass (width) of the resonance. Note that the parameters 
a and b in Eq. (|3]) ma Y contain the combinations of 4-vector indices. Besides, even if B c 
carries a higher spin, such as A c (2880) + with spin-5/2, the spin structure in the propagator 
can still be summed over and factored into a and b. Since the couplings of B c — > D^°p 
and the parity of B c may not be well determined, there exist some other possibilities for the 
amplitudes in Eq. ([3]), such as (a — 675) and (b ± 075). By taking \a\ = \b\, we are able to 
circumvent this complexity. Hence, we can obtain the amplitude squared \A\ 2 with the bar 
denoting the summation over p and p spins. Using the general partial decay rate formula 
for the 3-body decay given by 5[ 

dr= ( 2 !r)3 32M|/ m ^^' (5) 
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FIG. 1. Invariant mass spectra as functions of the invariant masses ni£)O p and m,£)*o p in B° — > ppD° 
and B° — > ppD*° decays, respectively, where the solid lines include both the resonant and non- 
resonant contributions, while the dashed lines correspond to the non-resonant contributions only. 

we can integrate over m pp to study the partial rates as functions of m D (*)o p in B° — > ppD^*'°. 

Numerical Analysis — To illustrate our results, in our numerical analysis we take the 
CKM matrix elements V* = AX 2 and V ud = 1 - X 2 /2 with A = 0.808 and A = 0.2253 from 
the Particle Data Group [5|. The decay constants of are given as (Jd, fD*) = (0.22, 0.23) 
GeV 0, [lsj]. The parameter = 0.33 ± 0.04 is extracted from the total branching fractions 
of B° — >• ppD^°. The constants Df. and D g . in Eq. (j2J) have been fitted in Ref. 
Explicitly, we adopt their values to be 



D 



-D h = (62.4 ± 8.9) GeV 4 , D gs = -D h = (280.0 ± 44.0) GeV 4 . 



(6) 



Because the low-mass enhancements in the m D (*)o p invariant mass spectra are observed for 



> 5 GeV 2 , we integrate rrii^ in Eq. d^J) over 



;he range of 5 GeV 2 < m 2 ^ < (m 



^ m pp)max as a function of m D (*) 0p defined in Ref. 



5] 



ppj 



with 



As seen in Fig. [Q we find that, in spite of 



failing to peak at the low mass, the dashed lines due to the nonresonant amplitudes in Eq. ([T]) 
agree well with the non-peaking data points. On the contrary, these non-peaking data points 



are not in accordance with the shaded regions presented in Ref. [10[ with the normalized 
data in the uniform phase-space model. Since the amplitudes in Eq. (jTJ originating from 
the short-distance contributions can reliably explain the non-peaking points, it is natural 
to describe the low-mass peaking points in terms of the resonant B c decaying into D^*'°p, 
and fit these points by adding sufficient amplitudes in the form of An in Eq. ([3]). Again, 
as shown in Fig. [H to smoothly link all the peaking data points with the solid lines, we 
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need six and three charmed baryons as resonant states in the B° — > ppD° and B° — > ppD*° 
decays, respectively. Being named from their fit masses, these charmed baryons from left to 
right in the m£,o p and m£,*o p invariant mass spectra are orderly listed in Table HI 

In the m D o p spectrum, the second B c with the fit mass and decay width (m, T) = (2880, 6) 
MeV and the third B c with (m, T) = (2940, 24) MeV have been identified as the experimen- 
tally confirmed charmed baryons A c (2880) + with (m, T) = (2881.53 ± 0.35 5.8 ± 1.1) MeV 
and A c (2940)+ with (m, T) = (2939.3^, 17±|) MeV, respectively. In Ref. [o|] there is a sus- 
pected resonance around 2840 MeV, which may relate to B c (2820) + . Moreover, according 
to the BABAR's preliminary result in the study of B~ — >■ £+ + p7r _ 7r~ 19[, the unexplained 
resonance with (m, V) = (3245 ± 20, 108 ± 6) MeV in the spectrum of £+ + 7r~7r~ could be 
the neutral component of the excited baryon states (£^ + , S°), in which the charge one 
may be in accordance with B c (3280) + . Note that this type of the states has been predicted 



in Ref. |3J . It is interesting to point out that most of the charmed baryons listed in Table H] 
can find their places in the theoretically predicted charmed baryon spectrum jl-J]. Note 
that B c (2820) + cannot be a S c (2800) + as it is below the threshold of D°p. By compar- 
ing the fit masses in Tabled with the predicted ones in Ref. [lj, the state B c (2820) + with 
(m, T) = (2820, 5) MeV can be a S c with m = 2817 MeV and J p = 1/2", whereas the other 
S c with m = 2815 MeV and J p = 3/2" seems to be consistent with S c (2800) + ^]. Since 
there are many theoretical predicted B c states of order 3000 MeV , it may not be easy to 
identify B c (3000) + in the m^*o p spectrum. As shown in Table [J because of the tiny mass 
difference and the same decay width, B c (3100) + and B c (3120) + are likely to be the same 



TABLE I. Possible charmed baryons (B c ) as the resonant states in the decays of B° — > ppD° (left 
panel) and B° — > ppD*° (right panel) with the units of \a\ and |6| in GeV 4 . 



B c State 


\a\ = \b\ 


(m, r) MeV 


B c State 


\a\ = \b\ 


(m, r) MeV 


(2820)+ 


0.033 


(2820, 5) 


(3000)+ 


0.014 


(3000, 10) 


A c (2880)+ 


0.009 


(2880, 6) 


(3100)+ 


0.005 


(3100, 10) 


A c (2940)+ 


0.038 


(2940, 24) 


(3280)+ 


0.020 


(3280, 90) 


(3120)+ 


0.003 


(3120, 10) 








(3200)+ 


0.040 


(3200, 65) 








(3320)+ 


0.005 


(3320, 20) 
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particle, and the identification can be one of the excited A c baryons with the (IF) or (3S) 
orbital excitation of the c-(ud) bound state 3)]. On the other hand, the state B c (3200) + 
can be identified as one or the combination of the excited S c baryons with masses of 3176, 
3180, and 3186 MeV, coming from the orbital (2P) excitations in the c-(ud) bound state 
[3]. With the heaviest fit masses in the m D o p and m D ,o p spectra, the charmed baryon states 
B c (3280) + and B c (3320) + , respectively, can be related to one or the combination of S c with 
m = 3262 MeV and J p = 3/2 + and S c with m = 3268 MeV and J p = 5/2 + from the orbital 
(2D) excitations of the c-(ud) bound state [3j. 

As for the resonant charmed baryon states found in B° — > ppD^° decays, one can 
perform experimental searches. In analog to the first observation of A c (2940) + in the 
process of e + e" ->■ A c (2940) + (->- D°p)X by BABAR [9J, the B c states can be found by 
scanning the D^°p spectra in B c — > D^°p from the e + e~, pp, and pp colliders at the 
B factories, Tevatron, and LHC, respectively. We also expect that some of the resonant 
B c states should be observed in the B decays through B° — > B c + (— > S c (2455)°' ++ 7r ± )p, 
B° -» B c +(^ S c (2520)°' ++ vr ± )p, B- -> B c +(^ S c (2455)°' ++ 7r ± )p7r", and B~ -> B c + (^ 
£ c (2520)°' ++ 7r ± )p7T~. It is important to note that as the resonant B° — > ppD^*'° decays 
imply the existence of the two-body B° —> B+p decays, e.g. B° — > A c (2940) + p, the angular 
analysis in the B° — > B c p decays will be very useful to assign the right quantum numbers 
to these B c states. 

Conclusions — We have analyzed the low-mass peaks in the m D (,)o p spectra with mj^ > 
5 GeV 2 observed in B° — > ppD^*'° decays . We have found that the peaking points can be 
recognized as the charmed baryon resonances in B° — > B c (— > D^*'°p)p channels. Explicitly, 
we have introduced six charmed baryon states in the m^o^ spectrum and three in m^.o^, in 
which two of them are readily identified as A c (2880) + and A c (2940) + . For other charmed 
baryon states, the current experimental data may have hinted at the existence of B c (2820) + 
and B c (3280) + , while B c (3000)+, B c (3100) + , B c (3120)+, B c (3200) + , B c (3320) + can be 
referred to the theoretically predicted states in the literature, which could be discovered by 
various collider searches soon. Moreover, since the resonant B° — > B c (— > D^*'°p)p decays are 
the consequences of the two-body B° — > B c p decays, the studies of the angular distributions 
in the two-body modes will help us to determine these new charmed baryon states. 
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